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SUMMARY 

Coincidence measurements of absolute cross sections for the breakup of deuterons 
by 42-MeV alpha particles have been made. The alpha -particle energy spectra show 
large peaks due to final-state interactions (FSI) through the helium 5 and lithium 5 ground 
states. Plane -wave impulse approximation calculations correctly predict the existence 
of additional peaks for small spectator neutron energies, but otherwise give bad fits to 
the observed spectra. In general, the yields in the spectator peaks exceed those in the 
FSI peaks. Especially large cross sections, approximately 1 barn per square steradian 
(100 fm^/sr^) (integrated over alpha energy), are observed when kinematic conditions 
are such that alpha plus proton can form the lithium 5 ground state, with the neutron left 
as a spectator. Analysis of the more prominent FSI peaks yields a binding energy and 
width of -0. 88±0. 12 and 0. 75±0. 20 MeV, respectively, for the ground state of helium 5; 
the corresponding figures for lithium 5 are -1.9 and 1. 4 MeV. 


INTRODUCTION 

The alpha -particle induced breakup of the deuteron is one of the simplest three-body 

nuclear reactions and hence one of the most attractive for study. The following features 

of this reaction are of special interest: (1) it is the only inelastic channel open to the 
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d-a system below the threshold for cc+d — H + He, and, (2) it is influenced by final 
state interactions (FSI) in the unbound helium 5 and lithium 5 ( He and Li) ground states, 
and by the deuteron wave functions. Proton energy spectra for the reaction have been 
measured by Warburton and McGruer (ref. 1) and by Ohlsen and Young (ref. 2) , who 
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deduced the location and width of the He ground state. More recently, Nagatani, 
Tombrello, and Bromley (ref. 3) have observed proton spectra from deuteron breakup 
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by 29- and 42-MeV alpha particles. They observed a peak at the high energy end of the 

proton spectra attributable to the ^He FSI. Some spectra also showed a broad peak at 
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lower energies, probably resulting from the Li FSI, but slightly displaced from the 
expected location and superimposed on a very large continuum. 

There has not yet been a detailed comparison of the various theories of this reaction 
with experiment, partly because of a lack of particle -particle coincidence data. This 
report presents absolute cross sections for coincidence detection of a+p from this 
reaction. These data clearly show sharp peaks from both the ^He and 5 Li FSI, and con- 
siderably broader spectator pole peaks arising from cn+p quasi-electric scattering with 
the neutron kinetic energy remaining essentially equal to its initial value while bound in 
the deuteron. Very small yields are obtained under kinematic conditions such that neither 
can take place, and hence they are identified as the primary breakup mechanisms. An 
improved theoretical analysis of this reaction, in which FSI are taken into account and 
exact final-state wave functions are used, is now being completed by H. Nakamura of 
Aoyama Gakuin Univ. , Tokyo, Japan (private communication); it is hoped that the present 
work provides a sufficiently complete set of experimental data to give a critical test of 
this new theoretical treatment. 


SYMBOLS 


c 

D 

d 



dft dO dE 
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AE 
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half -height of detectors, cm 
deuteron binding energy, MeV 
deuteron 

2 

differential cross section for a-p elastic scattering, mb/sr -MeV; 
fm 2 /sr 2 - MeV 

2 

differential cross section for a -d breakup; mb/sr -MeV; 
fm 2 /sr 2 - MeV 

5 -mm diode of telescope used to detect protons 
0. 2-mm diode of telescope used to detect protons 
kinetic energy of final neutron, MeV 

increase in kinetic energy of neutron due to noncoplanarity, MeV 
kinetic energy of incident alpha particle, MeV 
kinetic energy of final proton, MeV 
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E fl kinetic energy of scattered alpha particle, MeV 

an relative energy of a+n in their center-of-mass systems 

E relative energy of a+p in their center-of-mass systems 

Ej 1. 113 MeV (parameter in Hulthen wave function) 

Eg 29. 9 MeV (parameter in Hulthen wave function) 

L distance from target to detectors, cm 
M 1-mm diode used as a monitor 

N d yield of recoil deuterons 

Nj number of inelastic a-d breakup events detected during runs 

Nj^ number of elastically scattered a particles detected by monitor counter during 

run 

t half height of beam spot on target, cm 

a 1-mm diode used to detect alpha particles 

t V n m 

P a N d /N M ratio using alpha counter to detect deuterons 
j3p N d /N M ratio using proton counter to detect deuterons 
9 a polar scattering angle of alpha particle 

0 polar scattering angle of proton 

0 included angle between momentum vectors of scattered alpha particle and proton 

< p azimuthal angle between plane containing incident and scattered alpha-particle 

momentum vectors and plane containing incident alpha particle and recoil proton 
momentum vectors 

4>(p n ) Fourier transform of Hulthen deuteron wave function 

Afip solid angle of proton detector 

Aft^ solid angle of alpha detector 

Subscripts: 

d deuteron 

p proton 

a alpha particle 
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EXPERIMENTAL PROCEDURE 


The 42-MeV alpha -particle beam of the NASA Lewis cyclotron was analyzed and 
focused on a deuterated polyethylene (CDg) foil target at the center of a 160-centimeter- 
diameter scattering chamber by the apparatus shown in figure 1. A beam spot about 
2 millimeters wide and 1 centimeter high was obtained. The unscattered beam was 
collected by a Faraday cup. Deuteron breakup events were detected by observing co- 
incidences between a 1 -millimeter -lithium -drifted - alpha -particle detector and a two- 
counter proton telescope employing a 200-micrometer transmission AE counter and a 
5-millimeter lithium -drifted E detector. The proton and alpha counters were located 
on opposite sides of the beam and their centers were coplanar with it. All detectors 
operated at dry-ice temperature. The solid angle Afi^ subtended by the a counter was 
defined by a slit 0. 304 centimeter wide by 0. 635 centimeter high and 15. 3 centimeters 
from the target center, while that of the proton telescope A£2^ was defined by an 
aperture of 0. 638 -centimeter diameter, 15. 6 centimeters from the target center. 



A 1 -millimeter monitor detector M, at 49° on the same side of the beam as the a 
counter, detected alpha particles from elastic a- carbon scattering. 

A block diagram of the electronics used in the experiment is shown in figure 2. 
Signals from the three detectors were amplified in Goulding and Landis (ref. 4) pulse 
analysis boxes and then subjected to fast and slow coincidence and proton identification 
requirements. A fast coincidence (2 t = 100 nsec) was required between the crossover 
pickoff of the AE and a counters, but not the E counter, whose timing was energy 
dependent. A slow coincidence (2r = 400 nsec) was then required between the fast output 
and the single channel analyzers on the a and E signals. Signals satisfying these 
requirements were then allowed to pass through linear gates for further analysis. 
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SCA Single-channel analyzer 
Figure 2; - Simplified electronics block diagram. 


The signals from the proton detectors were added and presented to a Goulding 
(ref. 4) identifier circuit which produced a completely resolved mass spectrum. A 
single -channel analyzer set on the photon peak of this spectrum then allowed the a and 
E + AE signals to be recorded in a two dimensional pulse -height analyzer operated in a 
64 by 64 channel mode. The proton energy threshold was approximately 5 to 6 MeV. 

The above requirements in conjunction with the kinematic relations between the proton 
and alpha energies were sufficient to eliminate background except that from a-p 
elastic scattering at some angles. This was subtracted, as is discussed later. 

A number of equipment checks were made by coincidence detection of a-p elastic 
scattering from a thin CH 2 target. The fast coincidence was found to have an efficiency 
of 100 percent. Delay curves were measured for several scattering angles, and the 
maximum variation in the centers of delay curves for particle energies detected in this 
experiment was less than 10 nanoseconds. Finally, energy calibrations were obtained. 
The response was linear to better than 1 percent (integral), and the widths of the two- 
dimensional elastic peaks (typically 0. 8 MeV full width at half-maximum) were largely 
accounted for by kinematic broadening due to the finite geometry of the apparatus. These 
checks as well as checks on the particle identifier were repeated throughout the course 
of the experiment, but no significant variations were observed. 

In order to determine absolute cross sections for this reaction, it was necessary to 
repeatedly determine the deuterium content of the target, which decreased continuously 
because of radiation damage to the CDg. This was done by measuring the yield of elastic 
recoil deuterons and deducing the deuterium areal density from the cross sections 
reported by Broek and Yntema (ref. 5) at this center -of -mass energy. Although it would 
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have been desirable to measure the elastic deuteron yield for each data run, an addi- 
tional multichannel pulse -height analyzer was not available for the monitor counter. 
Instead, the yield of alphas elastically scattered by carbon at 49° was determined by the 
single -channel analyzer of the monitor counter. This yield N M was then related to the 
yield of recoil deuterons during the frequent measurements of the deuterium areal 
density. The ratio /3 = (N^/N-^j) was measured using both the proton and alpha counters 
to detect the deuterons and the two values are designated /3 p and 8 a > respectively. We 
judge that the true value of /3 is known to better than 5 percent throughout the experiment 
because both /3's as well as the ratio of the elastic deuteron yield to the charge collected 
in the Faraday cup varied smoothly and gradually as a function of the charge passed 
through the target. In addition, the inelastic cross section was measured twice for the 
same geometry at different times during the experiment. Although the /3's differed by 
35 percent, the results agreed to within 1 percent. The initial thickness of the target 
was measured with an alpha -particle gage and the initial yields of both deuterons from 
a-d scattering and alphas from a -carbon scattering were consistent with this thickness. 
Loss of deuterons caused the normalizing factor /3 to change by a factor of two during 
the experiment. The factors /3 as measured by the proton detector and the alpha 
detector should be related by the ^Af^ = jS^Afip, where AO^ and AO p are the solid 
angles of the two detectors; however, /3pAf2^ was consistently 3 percent larger than 
/3 a AS2p. The average value was used in computing the inelastic cross sections. 

The inelastic cross sections were determined from the formula 


d3<J <W E p- E g > _ < d °-/ dn >a,d N l 

dfi dfi dE (8 A£2)AE 

p a a vp ' a M 

where Nj is the sum of a-d breakup events observed in the proton channels correspond- 
ing to one alpha-particle channel of energy width AE^, N M is the monitor count during 
the period of accumulation of inelastic data, and (da/dfl) a ^ is the elastic a-d cross 
section. 

Deuteron breakup events were identified kinematically. Conservation of energy and 
linear momentum relate E and E through the following equations : 

ir U 

E y 2 = - A ±Va 2 - 0.5B 

XT 


where 
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A = 
B = 5E 


e L /2 c ° s % - E J /2 cos % 

a * 3E 0 + D - 8<E 0 E a ) 1 '' 2 cos S a 


cos 0 = cos 8 cos 8 + sin 0 sin 0 cos <p 

ap p a p a T 

and Eq and D are the kinetic energy of the incident alpha -particle and the deuteron 
binding energy, respectively. The polar scattering angles of the two detected particles 
are called 0 and 8 a , and cp is the azimuthal angle between the plane containing the 
two alpha -particle momentum vectors and the plane containing the momentum vectors 
of the incident alpha particle and recoil proton (i. e. , <p = 180° for the coplanar events 
detected in this experiment). A typical kinematic curve of Ep against E ft appears in 
figure 3; the solid curve applies to coplanar events in which the particles go to the 
detector center, and the cross hatching indicates the kinematic broadening due to finite 
detector and target size. In general, Ep is a double -valued function of E fl . Since the 
lower proton energy was always too low for such protons to be detected with perfect 
efficiency, the cross sections measured in this investigation were at the higher proton 
energy. For each run, a kinematic check was made at several a energies by noting 



Figure 3. - Kinematic plot of energy of final proton as function of 
energy of scattered alpha particles. Scattering angle of alpha 
particle, 14.8°; scattering angle of proton, 60°. 
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that the proton channel containing the most counts was always within one channel of the 
channel corresponding to the calculated E p . The number of inelastic events Nj at 
each E a was found by adding the counts in the seven proton channels centered on the 
channel with the most counts; these channels (a 3-MeV interval) included all but a 
negligible fraction of the inelastic events. 

Random coincidence rates were measured by delaying the AE crossover signal 
input to the fast coincidence circuit by one cyclotron period (90 nsec). Typical 
true to chance coincidence ratios varied from 0. 01 in the peaks to 0. 2 for the smallest 
inelastic cross sections. The principal nonrandom background was elastic a-p 
scattering from the 1 percent hydrogen contamination in the CDg target. For (0 p , 6 a ) 
equal to (50°, 14.8°), (30°, 14.8°), and (20°, 9. 8°), the included angle between counters 
was within 1. 5° of the correlation angle for elastic a-p scattering, and the finite counter 
size caused elastic a- p peaks to be observed in the two-dimensional spectra. In other 
geometries, these angles differed by 3° or more, and no elastic peaks were seen. The 
centers of the three observed peaks were displaced in the E p - E a plane from the a-d 
breakup region, but they spilled down into this region. Therefore, the elastic a-p 
contaminations in the inelastic a-d spectra were subtracted by comparison with spectra 
from a 1 -milligram -per square -centimeter self-supporting carbon target containing 
30 percent hydrogen contamination. Carbon runs at these and several other geometries 
showed that the total cross section for breakup of carbon is less than 3 percent of the 
total inelastic cross sections, and no correction for this source of background has been 
made. 

The true zero-degree location of the alpha counter was determined by measuring the 
alpha -carbon elastic cross section at small angles on both sides of the beam; it differed 
by 0. 2° from the mechanical zero- degree location. The zero-degree location of the 
proton counter was determined optically. The second method is slightly less accurate, 
but both the energy calibration and the location of the peaks in the two-dimensional 
spectra are insensitive to the proton counter position. 

The beam was centered vertically by measuring the dependence of the elastic a-p 
coincidence rate from a CH 2 target on the current in a vertical steering magnet, and 
running with the magnet current which produced the maximum rate. 


DISCUSSION OF RESULTS 
General 

The absolute cross sections for this reaction for an alpha scattering angle of 9.8° 
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Figure 4. - Cross section of a - d breakup. Alpha particle polar scattering angle, 9. 8°; deuteron 
breakup reaction, a + d- a + p + n. Calculated curves are normalized to measured cross 
sections at minimum neutron laboratory energies. 
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Differential cross section, d 3 a/dfi, d^, dEg, fm 2 /sr 2 -MeV 



O Experimental 



Calculated 

E n arrows denote minimum 
laboratory neutron 
kinetic energies 
5 He and 5 Li arrows denote 
final state interactions 




J 




Kinetic energy of scattered alpha particle, E 0 , MeV 


Figure 5. - Cross section of a - d breakup. Alpha-particle polar scattering angle, 14.8°; 
deuteron breakup reaction, a + d- a + p + n. Calculated curves are normalized to 
measured cross sections at minimum laboratory energies. 
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Differential cross section, d^o/df^ dC^ dEg, fm 2 /sr 2 -MeV 








8 12 16 20 24 28 32 


Kinetic energy of laboratory scattered alpha particles, Eg ^ MeV 

Figure 6. - Cross sections of a - d breakup. Alpha-particle polar scattering 
angle, 19.8°; scattering reaction, a + d-a+p + n. 
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and three different proton detection angles appear in figure 4. Likewise, data for 
e a = 14. 8° and 19. 8° appear in figures 5 and 6, respectively. 

Plane-Wave Impulse Approximation Theory 

Kuckes, Wilson, and Cooper (ref. 6) have given a simplified theoretical treatment of 
nucleon -deuteron breakup in which the following assumptions are made: The interaction of 
the incident nucleon with one of the nucleons in the deuteron is ignored, the deuteron 
ground state is described by a Hulthen wave function, and all unbound nucleons have plane- 
wave functions. The nucleon-nucleon elastic scattering cross section is calculated in Born 
approximation, and the elastic and inelastic cross sections are then related. This theory 
works fairly well at 150 MeV but not at lower energies. It has been adapted for alpha - 
deuteron breakup by Burress (ref. 7) who obtains the formula 

(<to/<K» a _ p 

d! W E a c ° s V - fio cos 0pj< E l + 2E „) 2 (e 2 + 2E n )2 

where (dcr/dO) Q! _p is the measured center -of -mass a-p elastic differential cross 
section at the angle at which the momentum transfer to the alpha particle is the same 
as in the inelastic event under consideration. This theory gave bad fits, both in shape 
and in magnitude, to the observed spectra, and, in particular, the FSI peaks were not 
reproduced. However, it correctly predicted the existence, but not the magnitude, of 
broad spectator peaks, three of which are seen in figure 4. The physical interpretation 
of these is as follows: The two nucleons in the deuteron are very frequently outside the 
range of each other’s nuclear forces, hence, breakup is very likely to occur by quasi- 
elastic scattering of the alpha -particle from only one nucleon. No momentum is trans- 
ferred to the second nucleon (in this case, the neutron), so the reaction cross section is 
proportional to the probability of fining this nucleon in the deuteron with its final 
momentum. This probability is | $(p n ) [ 2 , where $(p n ) is the Fourier transform of the 
deuteron wave function. 

The spectator peaks were fitted by assuming that the cross section was proportional 
to the product of | $>(p n ) | 2 and the phase space factor. 




The calculated cross sections are shown in figures 4 and 5 by solid curves. Arrows 
indicate the minimum laboratory neutron kinetic energies, where | <t>(p n ) | ^ takes on its 
maximum value, and the calculated curves are normalized to the measured cross 
sections at these points. 

The predicted peaks are correctly centered in the E fl spectra at (& a , 6^) equal to 
(9. 8°, 40°) and (14. 8°, 50°). The (14. 8°, 50°) peak width is correctly predicted, but the 
(9. 8°, 40°) peak is inexplicably sharp. At forward proton scattering angles, the large 
width of the Li ground state may contribute to the large yields observed on the high 
energy side of the spectator peaks, where typically E^p « 3 or 4 MeV. At (6 a , 0 p ) 
equal to (9. 8°, 20°), the combined effects of the spectator peak and the ^Li FSI produced 
the largest measured cross section. 

A question arises as to whether the measured cross section, integrated over detector 
solid angles, is accurately equal to the coplanar cross section which would be measured 
with a target and detectors of infinitesimal height. In general, E will increase and 
|<f>(p n )p will decrease with increasing noncoplanarity. The increase in neutron energy 
will have its maximum value AE n when the incident a strikes the top (bottom) of the 
target and each of the detected particles strikes the bottom (top) edge of its detector* If 
t and C are the half -heights of the beam spot and counters, respectively, and if L is 
the target-to-counter distance, it can be shown that 


aE n 53 


(t + C) (sin 6 a + sin 0 p ) 


L sin 6 


a 


In this experiment, AE n has its largest value of about 0. 6 MeV in the spectator peak at 
(9 a , 0p) equal to (9.8°, 40°), which would reduce |^(p n )| 2 by about a factor of two 
from its coplanar value. However, a realistic calculation of the effect of noncoplanarity, 
integrated over the beam spot and detector heights, suggests that the measured averaged 
cross section should be not less than about 90 percent of the coplanar cross section. 


Helium 5 Final State Interactions 

In the He peaks in figures 4 to 6, the reaction is thought to proceed sequentiaHy 

rather than by direct breakup. The alpha -particle first captures the neutron, forming 
5 5 

He in its ground state, and the He then decays into a+n. It follows that these peaks 
will be observed when the relative energy of a+n in their center -of -mass system is 
equal to the excitation energy of the 5 He ground state (0. 96 MeV). This relative energy, 
called E an , is calculated from the equation 
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E cm = °* 2 E 0 " D “ U 2 E p + °* 8 ( E oV 1/2 cos % 

Typically, E an may vary from a minimum of ~0. 2 MeV at E a ~ 20 MeV to several MeV 
at the largest and smallest E a 's observed, therefore E an passes through the resonance 
energy on either side of this minimum and two peaks are observed. In other cases, the 
minimum E ffin exceeds 0. 96 MeV and there are no FSI peaks. The equation for E ap , 
the relative energy of a+p in their center -of -mass system, is 

E «p = °- 2E or + °- 8E p - °- 8 bo 1 E / /2 cos % 

Arrows labelled ^He are placed at those E^'s at which E Q;n = 0. 96 MeV. Most 
of the FSI peaks are slightly displaced from these expected locations, and these displace- 
ments are caused, in part, by two effects: 

(1) The 0. 96 MeV energy corresponds to a 90° n-ot phase shift, but penetration 
factors (ref. 2) shift the peaks in particle energy spectra to lower E^. 

(2) The arrow locations were calculated for coplanar events, and finite geometry 
effects shift the peaks toward each other. 

These effects cannot fully account for the observed peak displacements since, for 
example, both of them shift the higher energy peak at (6 a , 0 p ) equal to (14. 8°, 60°) in 
the wrong direction. Noncoplanarity effects should not affect the measured cross section 
(except for the unresolved peaks described in the next paragraph), even for the worst 
noncoplanar geometries, since E ftn ranges through the entire resonance region (about 
0. 6 to 1.3 MeV) near the FSI peaks. 

For (0 p , 6 a ) equal to (19. 8°, 20°) and (19. 8°, 60°), the two possible 5 He FSI peaks 
are not resolved. This is expected, since, between the peaks, E an reaches minima of 
0. 5 and 0. 8 MeV at 0 p = 20° and 60°, respectively. Thus, |E an - 0. 96 MeV| is approx- 
imately equal to or less than the width of the ground state (about 0. 3 MeV HWHM). 

From the seven largest resolved 5 He FSI peaks at 0 = 14. 8° and 19. 8°, a Q 

c W 

value of 0. 88 ± 0. 12 MeV is obtained for °He — a+n, in agreement with the accepted 
value (ref. 8). A width of 0. 75 ± 0. 20 MeV for the 5 He ground state is also obtained. 


Lithium 5 Final State Interactions 


The peak at (0 , 0 ) equal to (14. 8°, 10°) can be attributed to a p+a FSI through 
the Li ground state since its excitation (E^ =1.9 MeV) and width (1. 4 MeV) are close 
to the accepted values (ref. 8). Other 5 Li FSI peaks at (0^, 0 p ) equal to (14. 8°, 20°) 
and (9. 8°, 20°) cannot be safely analyzed because the resultant protons have energies 
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just above the detection threshold; an analysis of the latter peak would also be com- 
plicated by the proximity of the spectator pole peak. 


CONCLUSION 

The breakup of deuterons by 42 MeV alpha particles is dominated by both the final 
state interactions in the lithium 5 and helium 5 ground states and the quasi-elastic 
alpha-nucleon scattering with the second nucleon acting as a spectator. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, June 21, 1967, 

129-02-04-06-22. 
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